Two types of molecular simulation techniques have been utilized to investigate surface modification effects on adsorption of acetone/water in mesoporous silicas with a hexagonal uniform pore structure: the NVT-ensemble Molecular Dynamics technique with the melt-quench algorithm for modeling a nonsilylated mesoporous silica (an OH surface model) and a fully silylated mesoporous silica (an FS surface model), and the µ µ µ µ µVT-ensemble Orientational-Bias Monte Carlo method for calculating adsorption isotherms. A good agreement was obtained between simulations and experiments for adsorption of pure acetone and water at 298 K on non-silylated and silylated mesoporous silicas. Equilibrium adsorption densities of the equi-fugacity mixture of acetone and water are calculated for the OH and FS surface models, by specifying either the gas or the liquid phase for the mixture. A considerably large separation factor, 7300, was obtained for the adsorption from a liquid mixture in the FS surface model, though the adsorption amount was rather small, which explains why the pervaporation through highly silylated mesoporous silica membranes was effective for separation of organic/water mixtures.
Introduction
Ordered mesoporous materials such as MCM-41 (Beck et al., 1992) and FSM-16 (Inagaki et al., 1993) have attracted much attention in catalysis, adsorption and advanced molecular sieve-based materials (membranes) because of their remarkable advantages: hexagonally ordered arrays of long, cylindrical pore channels with diameters in the range of 1.5-10 nm, narrow pore size distribution, high thermal stability, mild acidity, large BET surface area and pore volume, and the hydrophobic/hydrophilic property which can be modified by changing the Si/Al ratios (Zhao et al., 1996) . In addition, the hydrophobicity of the mesoporous materials can be increased by the trimethylsilylation of pore walls (Koyano et al., 1997) . The stability of the mesoporous structure against moisture is also enhanced since the hydrophilic silanol groups are replaced with hydrophobic trimethyl groups by the silylation. Park et al. (2003) reported interesting applications of silylated MCM-48, which is a kind of mesoporous materials with a cubic pore structure, to membrane separation of organic/water mixtures by using pervaporation; they obtained considerably high permselectivity such as 400 for methylethyl ketone/ water (5:95) and 1,000 for ethyl acetate/water (5:95) at 284 K. However, their separation mechanisms have not been completely clarified in terms of adsorption and diffusion, which will help the molecular design of membranes with higher performance.
Molecular simulations consisting of the Monte Carlo (MC) and Molecular Dynamics (MD) techniques (Allen and Tildesley, 1987; Frenkel and Smit, 2002) have caught attention to study diffusion and adsorption phenomena at the molecular level. In particular, several µVT-ensemble MC techniques have been utilized to study adsorption properties in complex porous materials such as zeolites and mesopores composed of carbon or silica. As for the mesoporous silicas, two types of pore models have been proposed for adsorbents with one-dimensional pores such as MCM-41 and FSM-16: one is the pore structure represented by a potential function of the distance between the adsorptive molecule and the center of the pore (Maddox and Gubbins, 1994; Maddox et al., 1997) , and the other is constructed by the insertion of silicon and oxygen atoms into a simulation cell (Koh et al., 1999 (Koh et al., , 2002 Yun et al., 2002; He and Seaton, 2003) . However, these pore models are not good enough for simulations on adsorption of aqueous organic mixtures; that is, they should include Coulomb interactions, the surface heterogeneity of pore walls and functional groups on the pore surface such as silanol and/or hydrophobic groups.
The main objective of this study is to elucidate the effects of surface modification of mesoporous silica on the separation performance of organic/water mixtures by using molecular simulation techniques. In particular, we focus on adsorption properties of an equimolar gas and a dilute aqueous mixture for non-sililated (hydrophilic) and silylated (hydrophobic) mesoporous silicas with a hexagonal uniform pore structure. We will describe novel realistic mesoporous silica models in some detail and then provide the molecular simulation data for pure and mixture adsorption densities of acetone and water. The separation factors evaluated from the simulations will be discussed.
Mesoporous Silica Models and Simulation Details

Modeling of mesoporous silicas
We model two mesoporous materials with onedimensional channels, such as MCM-41 or FSM-16, in such a way that the two models have the same skeletal structure (an amorphous SiO 2 ) but different functional groups, OH and Si(CH 3 ) 3 , on pore walls. We took two steps to create the two surface models as follows.
In the first step, an amorphous SiO 2 with cylindrical pores is generated by using the melt-quench procedure through a Molecular Dynamics (MD) technique (Feuston and Garofalini, 1988) . Figure 1 shows a schematic diagram of a cell for modeling one-dimensional pores in the amorphous SiO 2 after the melt-quench procedure. The cell contains two parallel phantom cylinders packed in a hexagonal arrangement with P6mm symmetry (Feuston and Higgins, 1994) . This arrangement corresponds to the C-centered orthorhombic cell with 3 XL = YL, where XL and YL are the cell lengths in the x-and y-directions, respectively. The phantom cylinders are constructed with perfect elastic walls; during an MD run, any skeletal atoms cannot enter the inside of the cylinder. The diameter of the phantom cylinder and the wall thickness between the cylinders are set at d p = 3.0 nm and d w = 0.7 nm, respectively. As an initial configuration of skeletal atoms, 1470 oxygen atoms and 735 silicon atoms are first randomly inserted in the cell where the skeletal density has been set at 1.5 g/cm 3 , which is smaller than 2.2 g/cm 3 for the amorphous SiO 2 , by elongating the cell length in the direction parallel to the phantom cylinders (z-direction) so as to make the atom insertions much easier. To obtain a thermal equilibrium structure of the amorphous SiO 2 , we carried out an NVT-ensemble MD run with three different operations: a stepwise increase in the skeletal density up to 2.2 g/cm 2 , by reducing the cell length in the z-direction, at the melting temperature of 1000 K during the first 50,000 MD steps, a stepwise quenching from 1000 to 300 K during the next 50,000 MD steps and an equilibration during the last 50,000 MD steps. The velocity scaling technique is employed to keep or change the temperature at specified values. In the MD run, an MD step time of 1.0 fs was used with the velocity Verlet technique for integrating Newton's equation of motion. As for interatomic interactions, we employed a multi-body potential containing both two-and three-body terms. The two-body potential is the modified Born-MayerHuggins (BMH) pair potential φ ij BMH (Feuston and Garofalini, 1988) defined by the following function. (Stillinger and Weber, 1985) as 
where θ jik is the angle formed by atoms j, i, and k. This potential penalizes the binding energy of any neighboring triplex atoms whenever the angle θ jik deviates from the tetrahedral angle (109.5º). The values of the parameters λ i , γ i , r i c and cos θ jik c are summarized in Table 2 .
In the second step, based on the amorphous SiO 2 obtained from the melt-quench procedure in the first step, we attached two kinds of functional groups on pore walls to create two surface models: hydrophilic and hydrophobic pore surfaces. For the hydrophilic pore surface model, hydrogen atoms are additionally bonded onto unsaturated oxygen atoms located on the pore wall surface. The bond angle of Si-O-H is set at 116.0º and the bond lengths of O-H and O-Si are set at 0.094 and 0.165 nm, respectively (Bigot and Peuch, 1995) . It is noted that the melt-quench procedure has yielded 3.0 number/nm 2 in the surface density of unsaturated oxygen atoms, which is almost the same as the experimental density of the OH groups attached on the pore wall in saturation, as estimated from a paper of Zhao and Lu (1998) ; therefore, we might conclude that the skeletal atoms (Si and O) of the present mesoporous silica model are properly positioned to represent the structure of the entity of amorphous SiO 2 . For the hydrophobic pore surface model, trimethylsilane (-Si(CH 3 ) 3 ) groups are attached to the unsaturated oxygen atoms in the same way as the hydrogen-atom attachment, by avoiding overlap with surrounding atoms. The number of the trimethylsilane group attached on the pore wall was 1.9 number/nm 2 , which was the same as the experimental density of fully silylated pore wall as reported by Zhao and Lu (1998) . These two surface models correspond to mesoporous silica with pore walls saturated with OH groups and that with pore walls fully silylated with trimethylsilane groups, which are called an OH surface model and an FS surface model, respectively in this paper. Figure 2 shows snapshots of the OH and FS surface models we constructed. The pore diameter of the FS surface model is reduced to about 2.6 nm by the trimethylsilane groups attached to the pore wall.
Intermolecular potential models
In the present study, the two surface models we constructed are treated as rigid structures and three kinds of potentials are used for inter-atomic interactions between adsorbate molecules. For the skeletal SiO 2 , only oxygen atoms are assigned for interaction sites since an effect of silicon atoms on adsorption is very weak (Yun et al., 2002) . For the functional groups, OH and Si(CH 3 ) 3 , on pore walls, the potential models of alcohol (Jorgensen, 1986) and hydrocarbon (Jorgensen et al., 1984) groups are applied; that is, the H and O atoms of the OH group and the skeletal Si atom bearing the OH group are presumed to be identical to H, O atoms and the united-atom CH 3 in methanol (Bigot and Peuch, 1995) (Feuston and Garofalini, 1988) (Jorgensen et al., 1983) and the OPLS (Jorgensen et al., 1990 ) potential models, respectively; both are treated as a rigid molecule. As for interaction sites of the TIP4P water molecule, one oxygen atom is modeled by a LJ site and its partial charge is slightly moved from the oxygen atom towards the hydrogen atoms, while two hydrogen atoms are represented by two point charges. In the case of the OPLS acetone molecule, two united-atoms (CH 3 groups), one carbon atom and one oxygen atom are represented by partially charged LJ sites.
Inter-molecular interactions between the sites or atoms of water, acetone, and framework atoms consisting of the mesoporous material are calculated by the 12-6 LJ and Coulomb potentials. where φ ij is the potential energy, and ε ij , σ ij are the size and energy parameters, respectively, for the pair of interaction sites i and j, z i is the charge of site i. The LJ parameters are evaluated by using the LorentzBerthelot combining rules. In the present simulations, the Coulomb potential energy is calculated by the Ewald summation technique (Ewald, 1921) with the convergence factor κ = 5.6/XL and the maximum reciprocal lattice vectors |h max | = 5. A cutoff distance for calculations of the LJ potential and the real-space term of the Ewald summation is set at 1.85 nm, which corresponds to the half length of the simulation cell. The potential parameters and molecular geometry data we used are summarized in Table 3 . Before adsorption simulations, we calculated the vapor pressures (p 0 ) of pure water and acetone by using the Orientational-Biased Gibbs ensemble Monte Carlo (OB-GEMC) method (Vorholz et al., 2000) . The technical details on the OB-GEMC method, which is one of the techniques to enhance the efficiency to achieve equilibrium states, were described by Vorholz et al. (2000) . In the present study, p 0 at T = 298 K was calculated as 4.6 kPa for the TIP4P water and 38 kPa for the OPLS acetone; these values were found to be higher than the experimental data: 3.1 kPa for water and 30.5 kPa for acetone (Rhim et al., 1974) . Therefore, relative activities (p/p 0 ) are used to represent adsorption isotherms obtained from the simulation for a proper comparison with experimental data.
Simulation details
To obtain the adsorption density in a pore in equilibrium with a fluid at specified chemical potential(s), we used the µVT-ensemble Orientational-Bias MC (µVT-OBMC) method (Cracknell et al., 1990; Frenkel and Smit, 2002) , which is considerably faster in achieving equilibrium states than the conventional µVT-MC technique. In the bias technique, a molecular orientation is selected among no trial orientations with a probability proportional to the Boltzmann factor of each trial. One MC cycle consists of three steps: n t translational displacement moves, n r rotational displacement moves and n id insertion/deletions of a molecule. These movements were attempted at random with the probability: n t :n r :n id = N:N:512, where N is the number of adsorbate molecules in an MC cell. The number of trial orientations (n o ) in the present study was set at ten for water and acetone molecules. After initial 20,000 cycles for the equilibration, we generated 20,000 cycles to calculate the ensemble averages of macroscopic properties. In the present µVT-OBMC simulations, the chemical potential of each adsorbate in the gas phase was calculated through the ideal gas law.
Results and Discussion
Adsorption properties for pure gases
We firstly carried out simulations of adsorption equilibria for pure gases of water and acetone at T = 298 K in order to evaluate the validity of the OH (non-silylated) and FS (fully-silylated) surface models we obtained. because the experimental data of adsorption isotherms for non-silylated and silylated mesoporous silicas were available (Zhao et al., 2000) for a comparison with simulations. Figure 3 shows the adsorption isotherms of pure water and acetone for the OH and FS surface models together with the experimental data. As shown in Figure 3 (a), the simulated adsorption density of water for the OH surface model (᭹) rises up at a relative pressure p/p 0 slightly higher than 0.4 similarly as the experimental isotherm curve (᭺) which is classified as type V (Gregg and Sing, 1982) , while that for the FS surface model () keeps almost zero as the experimental adsorption (ᮀ) though the latter slightly increases in the high activity region. In the case of acetone, as shown in Figure 3(b) , the simulation densities for the OH surface model (᭹) show a stepped curve as the experiments (᭺) though the pressure for the second rise is about half of the experimental one, while the simulation isotherm for the FS surface model () shows a steeper increase in the density at the relative pressure (p/p 0 ) of 0.5 (a type V) than the experiment (ᮀ); however, the saturation amount of acetone is almost the same as that of the experiment. Therefore, we may conclude that the OH and FS surface models we have constructed are sufficiently accurate for representing the adsorption characteristics of acetone and water for the non-silylated and silylated mesoporous silicas.
It would be important to note that the affinity of acetone for the FS surface is weaker than that for the OH surface since the slope of the acetone isotherm for the FS surface is much lower than that for the OH surface (Figure 3(b) ). Namely, the hydrophobicity enhancement of the mesoporous silica by the silylation causes the decrease in adsorption affinity of not only water but also acetone. It is also noted that the saturated density of acetone for the FS surface becomes 44% smaller than that for the OH surface due to the pore-volume reduction through the silylation.
Adsorption properties for mixtures
From the viewpoint of membrane applications to vapor permeation and pervaporation, it is desirable to evaluate the mixture adsorption characteristics from the gas phase and the liquid phase. For the calculation of adsorption equilibrium of a mixture through the µVT-ensemble MC method, the chemical potentials (fugacities) of each component and the temperature must be specified before a simulation run. Conventionally, the fugacities have been replaced by partial pressures of each component by presuming the ideal gas law, which is usually a good or fair approximation for non-associating gas mixtures at low or middle pressures. Therefore, the gas phase fugacities are easily evaluated from the total pressure and the composition of a mixture. On the other hand, the fugacities in a liquid phase require precise knowledge on vapor-liquid equilibrium (p-T-x-y relation) or the activity coefficients of each component with liquid phase composition x.
We tried to calculate the vapor-liquid equilibrium for a binary mixture of acetone (1) and water (2) at 298 K by using the OB-GEMC method, which was used for calculation of vapor pressures of pure acetone and water; however, we found that the equilibration process was so slow that long calculation time would be required to obtain a reliable vapor-liquid equilibrium state of the mixture. Therefore, we decided to specify two sets of fugacities of each component so as to be undoubtedly gas and liquid phases and later to estimate the liquid composition for the set of liquid phase fugacities by using the experimental vapor-liquid equilibrium (VLE) data.
As for the set of fugacities of a mixture, we define an "equi-fugacity mixture" in which each component has the same fugacity, i.e., f 1 = f 2 for a binary mixture and also defined the term mixture-fugacity f to be the sum of each fugacity (f = f 1 + f 2 ). In order to estimate the phase of the equi-fugacity mixture, we used the vapor pressures of pure acetone and water obtained from the present OB-GEMC simulations and the NRTL parameters fitted to the experimental VLE data (Rhim et al., 1974) ; the estimated values for the VLE state of the equi-fugacity mixture at 298 K are as follows: the vapor pressure p V-L = 9.6 kPa and the mole fractions x 1 = 0.020, y 1 = 0.5.
The values of mixture-fugacity f chosen for adsorption simulations of equi-fugacity mixtures are f = 6.4 kPa for a gas mixture and f = 12.6 kPa for a Table 4 summarizes the thermodynamic properties of the equi-fugacity mixture of acetone and water at 298 K. In the calculation of liquid phase fugacities, the Pointing correction (Prausnitz et al., 1999) was taken into account under the assumption of a constant molar volume for each component. It is noted that the liquid phase at f = 12.6 kPa is considerably rich in water and that the system pressure (p) becomes very large with a slight increase in the mixture-fugacity, from 9.6 to 12.6 kPa. Figure 4 shows snapshots of acetone/water molecules in pores of (a) the OH surface model and (b) the FS surface model at f = 12.6 kPa (liquid phase). The black and gray objects are acetone and water molecules, respectively. The SiO 2 frameworks are represented by lines, while the functional groups on the pore walls are expressed by sphere objects. In the case of the OH surface model (Figure 4(a) ), the pores are almost filled with acetone and water molecules. It is noted that most of the acetone molecules exist near the pore wall, while water molecules are in the center region of pores, and that the number of water molecules is much larger than that of acetone. These observations indicate that the adsorption affinity of acetone to the silanol (OH) group on the wall surface is much higher than that of water and that water molecules in the center region of pores may feel the atmosphere like in the equilibrium liquid phase, which is rich in water (x 2 = 0.993).
In the case of the FS surface model (Figure 4(b) ), only a few acetone molecules are adsorbed on the pore wall and no water is seen. This is ascribed to the strong Fig. 4 Snapshots of acetone (black objects) and water (gray objects) molecules in (a) the OH surface model and (b) the FS surface model at T = 298 K and f = 12.6 kPa Table 4 Thermodynamic properties of the equi-fugacity mixture of acetone (1) and water (2) at 298 K: x and y are mole-fractions of the liquid and gas phases, respectively V-L: vapor-liquid co-existence hydrophobicity of the highly silylated silica surface; that is, the surface silylation weakens the adsorption affinity of acetone as well as water and water molecules cannot fill the hydrophobic mesopores, which might be expected from the pure gas isotherms shown in Figure 3 . The adsorption densities (q) in equilibrium with the two equi-fugacity mixtures of acetone and water, for gas (f = 6.40 kPa) and liquid (f = 12.6 kPa) phases, are listed in Table 5 In the case of the OH surface model, the adsorption density of acetone for a gas mixture is almost the same as that for a liquid mixture, while the density of water becomes considerably large by changing the fluid phase from gas to liquid, as depicted in Figure 4 (a). In the case of the FS surface model, for both of the gas and liquid mixtures, the adsorption densities of acetone are much smaller than those for the OH surface model though the adsorption of water is much more suppressed on the silylated wall surface, which results in the high separation factor of acetone against water for the FS surface. The separation factor we obtained in the present simulation is quite large as 7300, for the adsorption from a liquid mixture of 0.0071 in the mole fraction of acetone for the FS surface model. This result coincides with the fact that high permselectivities were obtained for organic compounds in dilute aqueous mixtures by pervaporation through a silylated mesoporous silica membrane (Park et al., 2003) , though diffusion rates of both adsorbates in the pore should be clarified later. It is noted that the separation factor issued from the vapor-liquid equilibrium, α 12 (VLE) = (y 1 /y 2 )/(x 1 /x 2 ), is evaluated as 49, which means that the acetone molecules are rather unstable in the aqueous liquid phase compared with in the gas phase and that they are much more stabilized on the silylated wall surface by two order in magnitude than water molecules when both molecules are transferred from the gas phase to the silylated pores. From the present simulations, we could suggest that the highly hydrophobic mesoporous silica modified by the silylation of pore walls is one of the potential materials to separate organic components diluted in liquid water.
In order to investigate the effect of the adsorption amount of acetone on the separation performance, we carried out adsorption simulations for the equi-fugacity mixture at various mixture-fugacities: f = 6.40, 12.6, 18.8 and 25.0 kPa, and calculated the ratio of equilibrium adsorption densities of water and acetone (q 2 /q 1 ). Figure 5 shows the effect of the amount of acetone (q 1 ) on the ratio q 2 /q 1 at T = 298 K. In the figure, a horizontal broken line indicates the value of the ratio of Henry's constants (H 2 /H 1 ), which are estimated from the adsorption isotherms for pure gases obtained in the present simulations. It is noted that the smallest value for q 2 /q 1 , which corresponds to the gas phase adsorption, is almost the same as that for H 2 /H 1 . With increasing q 1 , the q 2 /q 1 increases, which indicates that acetone molecules adsorbed on pore walls cause water molecules to get into pores through interaction between hydrophilic sites in acetone and water molecules. Therefore, we could conclude that the performance for separation of amphiphilic organic components from organic/water mixtures may fall down with an increase in adsorption density of an amphiphilic component, acetone in this case.
Conclusions
Two types of molecular simulations have been carried out to investigate surface modification effects on adsorption of acetone/water in mesoporous silicas with hexagonal uniform pore structure: (1) the NVTensemble Molecular Dynamics technique with the melt-quench algorithm for modeling a non-silylated mesoporous silica (OH surface model) and a fully silylated mesoporous silica (FS surface model), and (2) the µVT-ensemble Orientational-Bias Monte Carlo technique for calculating adsorption equilibrium. The newly constructed two silica models were found to satisfactorily reproduce the experimental adsorption isotherms of pure acetone and water gases on the nonsilylated and fully silylated mesoporous silicas at 298 K reported by Zhao et al. (2000) . In the OH surface model, a type V isotherm for water and a doublestep isotherm for acetone were reproduced well, while in the FS surface model, almost zero adsorption for water and a type V isotherm for acetone rather well. It is noted that the silylation of the pore surface caused the decrease in adsorption affinity with acetone as well as the intense decrease in water affinity.
Equilibrium adsorption densities of an equi-fugacity mixture of acetone and water were calculated at 298 K for the two surface models by specifying either gas or liquid for the fluid phase. In the case of liquid adsorption in the OH surface pore, acetone was adsorbed more strongly on the wall surface than water, while water seemed to condense in the center region of the pore. In the FS surface pore, acetone was adsorbed on the wall surface while water was almost excluded; a large separation factor of acetone to water, 7300, was obtained for the adsorption from a liquid mixture, though the adsorption amount of acetone was considerably small due to the decease in adsorption affinity of the silylated surface.
As a whole, this work has provided physicochemical evidence to explain the reason why and the molecular insights how the pervaporation was experimentally effective for separation of organic/water mixtures through highly silylated mesoporous silica membranes. The present molecular simulations have also given an expectation that an increase in the adsorption density of an amphiphilic component, such as acetone, dissolved in water, may not increase the separation performance of the liquid mixture because the amphiphilic molecules draw water molecules into the pores through interactions between a hydrophilic site in the molecule and a water molecule. 
